Alkali-metal-vapor magnetometers, using coherent precession of polarized atomic spins for magnetic field measurement, have become one of the most sensitive magnetic field detectors. Their application areas range from practical uses such as detections of NMR signals to fundamental physics research such as searches for permanent electric dipole moments. One of the main noise sources of atomic magnetometers comes from the light shift that depends on the frequency of the pump laser. In this work, we theoretically study the light shift, taking into account the relaxation due to the optical pumping and the collision between alkali atoms and between alkali atoms and the buffer gas. Starting from a full master equation containing both the ground and excited states, we adiabatically eliminate the excited states and obtain an effective master equation in the ground-state subspace that shows an intuitive picture and dramatically accelerates the numerical simulation. Solving this effective master equation, we find that in the light-narrowing regime, where the line width is reduced while the coherent precession signal is enhanced, the frequency-dependence of the light shift is largely reduced, which agrees with experimental observations in cesium magnetometers. Since this effective master equation is general and is easily solved, it can be applied to an extensive parameter regime, and also to study other physical problems in alkali-metal-vapor magnetometers, such as heading errors.
I. INTRODUCTION
Alkali-metal-vapor atomic magnetometers [1] [2] [3] , which have become one of the most sensitive devices for magnetic field detection, find applications in various areas ranging from practical uses such as NMR signal detection [3] [4] [5] [6] to fundamental physics research such as searches for permanent electric dipole moments [7] [8] [9] . The physics behind atomic magnetometers is as follows: polarized atomic spins precess along the magnetic field to be measured, and its precession angle, or the so-called Larmor frequency that can be measured, is proportional to the magnitude of the magnetic field. To have a collective spin precession for measurement, the electronic spins are polarized by optical pumping [10] [11] [12] [13] . However, in the measurement of the Larmor frequency, the light shift, resulting from the interaction of light (the pump beam here) and matter, behaves as an effective magnetic field to the atomic spins, and subsequently shifts its precession frequency [14] [15] [16] [17] [18] . This light shift is dependent on the intensity and frequency of the pump laser. Therefore, it will decrease the measurement accuracy if the pump beam's frequency has fluctuations. One way to reduce this frequency dependence of the light shift is to decrease the pump beam's intensity, or to increase the line broadenings of the alkali atoms' excited states, but both will lower the atomic polarization, which reduces the precession signal.
Recently, we have found that in cesium vapor magnetometers with buffer gas N 2 [19] , without tuning the * yuechang7@gmail.com † jie.qin@yahoo.com pump beam's intensity or the excited states' lifetimes, the light shift's dependence on the laser frequency can be greatly reduced in the light-narrowing regime [20, 21] , in which the line width of the spin precession signal is narrowed and the fundamental sensitivity [21, 22] , which is inversely proportional to the square root of the spin's transverse relaxation time, is improved, which further improves the measurement accuracy.
In the experimental setup shown in Fig. 1(a) , an atomic cell containing cesium atoms and nitrogen gas (buffer gas) is illuminated by a circularly polarized pump laser propagating along the z-direction. The magnetic field B 0 to be measured is also in the z-direction, and an oscillating magnetic field along the x-direction is generated by two RF coils to induce atomic spin polarizations in the x-direction, which are reconstructed by measuring the optical rotation of a linearly polarized probe laser propagating in the x-direction. The energy levels of an alkali atom are shown in Fig. 1(b) , where the electrons' fine structure energy levels are denoted by 2 S 1/2 for the ground states and 2 P 1/2 for the excited states. These fine structure levels are further split by hyperfine interaction, with ∆ S (∆ P ) the splitting between the two multiplets F = a ≡ I +1/2 and F = b ≡ I −1/2 states in the ground (first excited) states. Here, only the D1 transition [23] is under consideration, since the pump laser is nearly resonant with the transition frequency between the ground states and first excited states (the definition of the detuning ∆ is shown in Fig. 1(b) ), and the probe laser is not taken into account in the optical pumping process since it is far detuned from both the D1 and D2 transitions (about 80 GHz blue detuned from the D2 transition, with the laser power around 10 mW). With the magnetic field, the magnetic levels for cesium atoms are shown in Fig. 1(c) , with the Larmor frequency ω L . Note that all the frequencies in this paper are the regular frequencies and not the angular ones.
For the mechanism of this frequency-dependent lightshift reduction, an intuitive picture is as follows. In the light-narrowing regime with ∆ = 0, the b ground states are pumped strongly and the alkali atoms mainly populate the a ground state, where most of the magnetic resonance is generated and probed. Considering the Lorentzian form of the AC Stark shift [24] for a single state, one might conclude that the dependence of the light shift on the pump beam's frequency is reduced because of the large hyperfine splitting ∆ S in the ground state (compared with the line width of the excited states). Note that we do not choose the probe laser's frequency so that it only measures the magnetic resonance from the a multiplet. Actually, the only function of the probe laser is to measure the response of the atomic spin to the oscillating magnetic field. The fact that the states being pumped differ from the states where most of the spin precession signal is generated arises naturally in the light-narrowing regime with properly tuned pump laser powers.
However, the atomic ground states are incoherently coupled to each other by the light-matter interaction and atomic collisions, so that the light shift cannot be simply written as a Lorentzian or a sum of Lorentzians. Thus we use the master equation to study the light shift in a general alkali-metal-vapor atomic magnetometer, taking into account the light-matter interaction and the relaxation due to collisions between alkali atoms and between alkali atoms and buffer gas [16] . The interaction between the pump light and the alkali atoms is modeled using the dipole approximation and rotating-wave approximation [25, 26] . This master equation appeared in some early textbooks and papers [10, 12] , but it is not easily solved because of its nonlinearity (caused by the mean field approximation for the spin-exchange interaction) and its large superspace [10, 12, 26] . (The full master equation is in a Hilbert space consisting of all the ground and first excited states.) Thus we adiabatically eliminate the excited states in the weak-driving limit, where the Rabi frequency-the coupling strength between the ground and excited states-is much smaller than the excited states' decay rates, to acquire an effective master equation in a subspace consisting of only the ground states. This can dramatically decrease the calculation power and time needed to solve the nonlinear master equation, and it explicitly shows the intuitive picture of the reduction of the light-shift dependence on the frequency, as well as the light-narrowing effect [20] . With little cost of calculation, the light shift and line width obtained by solving this effective master equation and using linear response theory [27] agree well with the experimental data.
The rest of this paper is organized as follows. In section II, we model the system by a full master equation for the density matrix evolution of the alkali atoms, including all the ground states and the first excited states. Starting from this full master equation, in section III, we adia- The magnetic field B0 to be measured is in the z-direction, and a pump laser (the red arrow), also propagating in the z-direction with circular polarization, is applied to polarize the atomic spins to the z-direction. An oscillating magnetic field along the x-direction is produced by two RF coils, and the resultant x-directional atomic spin polarization is probed by a linearly polarized laser (the green arrow) along the x-direction using its optical rotation. Note that the frequency of the probe laser is about 80 GHz blue detuned from the D2 transition, with the laser power around 10 mW, so it is a good approximation that the probe laser is not taken into account in the optical pumping process. (b) Schematic of the alkali atoms' D1 transition in the optical pumping process. Here, 2 S 1/2 and 2 P 1/2 represent ground and first excited states, respectively, in the fine structure, and through the hyperfine interaction between the electrons and the nuclei, these levels are further split, with the splitting ∆S (∆P) for the 2 S 1/2 ( 2 P 1/2 ) states. The pump laser (the red arrow) with Rabi frequency Ω and detuning ∆ (with respect to the frequency difference between the b = I − 1/2 ground and a = I + 1/2 excited states) induces transitions between the ground and first excited states. (c) Ground state Zeeman sublevels for cesium (I = 5/2), with magnetic numbers marked above/below each level. The energy difference between two adjacent sublevels in the same multiplet is the Larmor frequency ωL.
batically eliminate the excited states in the weak-driving limit and obtain an effective master equation in only the ground-state subspace. It is shown that this effective master equation can give the rate equations [28] used in many contexts. And when the energy-level broadening of the excited states is much larger than the hyperfine splittings ∆ P and ∆ S , the light-matter interaction is reduced to a dissipation term that consists of only the electronic spin operators [16] , leading to the spin temperature distribution. In section IV, we study the linear response of the alkali atoms to the small transverse oscillating magnetic field, both analytically and numerically, showing good agreement between the theoretical predictions and experimental data on both the light shift and line width in a wide frequency regime of the pump laser. Finally, in section V, we summarize our work and show other possible applications of the effective master equation.
II. FULL MASTER EQUATION DESCRIPTION
In this section, we give the full master equation depicting the time evolution of the density matrix ρ (t) of the alkali atoms. This master equation involves all the energy levels in the ground state and the first excited states [10, 12] , which can be written as a sum of four Lindblad operators,
each coming from a different interaction. The first Lindblad term describes the light-matter interaction. Without lost of generality, we assume the pump laser is propagating parallel to the magnetic field's direction, which defines the magnetic numbers of the hyperfine states, and is left-handed circularly polarized. But this can be easily generalized to the opposite case, i.e., a parallel propagating laser with right-handed circular polarization. This will not change the conclusion of this paper. With the left-handed circularly polarized pump laser, the lightmatter interaction contributes to the master equation as
where Γ sd is the spontaneous decay rate resulting from the interaction between the alkali atoms and light in the free space; |s and |p l are the electron's orbital states 1s and 2p, respectively; and l in |p l is its quantum magnetic number. The Hamiltonian H lm depicting the coupling between the pump beam and the alkali atoms is written in the rotating frame with respect to the laser's frequency as
where Ω is the Rabi frequency, and the dipole and rotating-wave approximations [25, 26] are used. The radiation trapping [29] effect is not included, since the quenching [17] gas can largely remove it. The second Lindblad operator depicts the alkali atoms' energy levels and their Zeeman splitting due to the static magnetic field B 0 = B zêz :
where
gives the hyperfine structures and
gives the Zeeman splitting. Here, |s F /p F M is the hyperfine state in the 1s (|s F M ) or 1p (|p F M , whose energies have been shifted with respect to the pump beam's frequency) orbital, with the total angular momentum F = a, b and its projection in the z-direction M . In
where γ e is the gyromagnetic ratio of the electron. Note that only the linear Zeeman splitting in the ground states has been considered, since other interactions with the magnetic field, such as the nonlinear Zeeman interaction for B z = 0.1G and the Zeeman splitting in the excited states, are too small to affect the result.
Since there are many alkali atoms and there is much buffer gas (nitrogen in the experiment) in the heated atomic cell, collisions between atoms must be taken into account, resulting in dissipation in the master equation as
where S is the electronic spin operator in the ground state, S ± = S x ± iS y is the spin raising/lowering operator, γ se is the spin exchange rate coming from collisions between alkali atoms, and γ = γ se + γ sd is the total relaxation rate with the spin destruction rate γ sd coming from collisions between alkali atoms and nitrogen molecules. In addition to spin relaxation, the collisions also cause line broadening of the excited states, with Γ pb being the pressure broadening of the 2 P 1/2 states due to collisions of the alkali atoms with the nitrogen molecules. During such a collision, the alkali atom in excited states decays to the ground states by transferring its momentum to the nitrogen molecule's angular momentum, rather than emitting photons. In L (3) , the jump operators A m are defined as
It can be shown straightforwardly from L (3) ρ that the spin exchange interaction does not change the mean values of the spins, i.e., ∂
t S = 0 if we set γ sd = 0 and Γ pb = 0, while the spin destruction interaction exponentially decreases the spin's mean values, i.e., ∂ 
To measure the precession frequency, a small oscillating magnetic field B xêx cos ωt along the x-direction, with amplitude B x and frequency ω, is applied, leading to a time-dependent term in the master equation,
Note that the dimension of the superspace [10, 12, 26] of the full master equation is 4 (4I + 2) 2 , i.e., there are 4 (4I + 2) 2 coupled nonlinear equations to be solved, hence the numerical simulation consumes much time and power. In any case, the physics cannot be revealed in such a big set of nonlinear equations. Therefore, we will simplify this master equation by adiabatically eliminating the excited states.
III. EFFECTIVE MASTER EQUATION IN THE GROUND-STATE SUBSPACE
To gain physical insights and accelerate the calculations, we will adiabatically eliminate the excited states in the weak-driving limit in the master equation, where the coupling strength between the ground and excited states is much smaller than the energy-level broadening of the corresponding excited state, i.e., Ω ≡ 2/3Ω Γ sd /2+Γ pb , which has been shown in many experiments. Furthermore, when γ e B x γ, we can apply linear response theory [27] and consider the effect of the transverse field at the very end. Therefore, in this case we will drop the Lindblad term L (4) ρ in the master equation.
Adiabatic elimination in the master equation is common in quantum optics when working with open systems [26, 30, 31] . There are several ways to accomplish adiabatic elimination. For example, one can utilize a generating function, as is commonly done in the Fröhlich transformation [32] , but in the superspace, adiabatic elimination is usually performed in the motion equations [26, 30, 31] . Here, we apply the latter to the alkali-metal-vapor atomic systems. Following the standard procedure, we first define two projection operators P and Q = 1 − P, where P projects any given operators in the Hilbert space or vectors in the superspace to the ground-state subspace. For instance, when performing in the density matrix, Pρ gives
Next, we write the full master equation (1) in the Pand Q-spaces and adiabatically eliminate the Q-space, acquiring an effective master equation in the P-space. For this purpose, we separate the Lindblad operators in the full master equation (1) into two parts,
is the perturbation that couples the P-space to the Qspace and L 0 ρ = 3 n=1 L (n) − L 1 ρ is the zeroth order term. Noting that P +Q = 1, QL 0 P = 0, and PL 0 P = 0, we can write the density matrix's evolution in the P-and Q-spaces respectively as
To adiabatically eliminate the Q-space, we solve Qρ from Eq. (15) and substitute it in Eq. (14) . The solution for Qρ in Eq. (15) is
where we assume an initial condition Qρ (0) = 0. This assumption shows that the system is initially in the Pspace, which is reasonable, since before the interaction with the pump laser, the steady state of the system is in the P-space. Then, substituting this solution of Qρ (t) in Eq. (14), for the second order of L 1 , we acquire the density matrix in the ground-state subspace,
where we have applied the Born-Markov approximation [25, 26] to replace ρ (t ) by ρ (t) in the integral and extend the upper limit t in the integration to +∞. The Born-Markov approximation has been verified in many quantum open systems [25, 26] , given that the exponent e L0t decays on a time scale much smaller than that of Pρ (t), which is the case in our system. After straightforward calculations using the concrete expressions of L 0 and L 1 , the effective master equation in the ground-state subspace is
where ρ g = Pρ (t) is the density matrix in the groundstate subspace, the jump operators J (n)
the operator J F M is
and the pump-laser-induced relaxation rates are Γ (1)
with the coefficients
and∆
Here, CG F (n, M ) , n = 1, 2, are the Clebsch-Gordan coefficients, defined as
and ∆ aa = ∆ − ∆ s , ∆ ab = ∆ − ∆ s − ∆ p , ∆ ba = ∆, and ∆ bb = ∆ − ∆ p are the energy differences. These energy differences ∆ F F are the detunings between the pump laser's frequency and the transition frequency between the ground state in the F multiplet and the excited state in the F multiplet. We also define the corresponding effective detunings∆ F F , given that each excited state "gains" an imaginary energy −iΓ pb representing its energy level broadening. Note that we simplify the derivation of Eq. (18) by assuming the hyperfine splitting ∆ s is much larger than the (effective) decay rates, which is the case for most alkali-vapor atomic magnetometers, such that the coherence between the a and b multiplets, as well as the contribution to the effective detuning∆ F F from the electronic spin relaxation and the Zeeman splitting, can be neglected. Moreover, we assume that the spontaneous decay rate is much smaller than the pressure broadening, Γ sd /2 Γ ≡ Γ pb , which occurs in atomic vapors with high pressure buffer gas. Thus the spontaneous decay term can be neglected in the master equation. When the condition Γ sd /2 Γ pb is not met, we can obtain a similar effective master equation in which the effective decay rates Γ The effective master equation (18) is valid in an extensive parameter regime. In particular, when the energy splittings ∆ s and ∆ p are both much smaller than the excited states' energy broadening Γ, the master equation can be written in the compact form [16] 
is the optical pumping rate and
is the light shift. This master equation (30) gives the Bloch equations and the spin temperature distribution [6, 16] , where populations in states with the same magnetic number M are the same.
In an extensive parameter regime, including when the condition ∆ s,p Γ pb is not met, one can use the general master equation (18) we have derived. It can be shown in (18) that when the coherence between the two multiplets a and b in the spin relaxation term are ignored, the diagonal elements of the density matrix ρ g are decoupled from the diagonal ones. As a result, we obtain the rate equations [28] , i.e., the evolution of the diagonal elements of the density matrix. In this case, only the diagonal terms are non-vanishing in the steady-state solution to the master equation, i.e., the polarization is along the z-direction and the mean values S ± in L (3) are zero. This reduces the number of coupled nonlinear equations from 4 (4I + 2) 2 to 4I + 2, and speeds up the numerical calculation.
In the experiment [19] with cesium atoms, whose nuclear spin is 7/2 and energy splittings are ∆ S = 9.193 GHz and ∆ P = 1.168 GHz, the atomic cell is cubic, with inner size 4 × 4 × 4mm 3 , and is heated to 90 Celsius. The power of the pump beam is 700 µW, with right-handed circular polarization. The magnetic field B 0 = 0.1G along the z-direction. Thus the atoms are mostly pumped to states with negative magnetic numbers, and the polarization is negative. This is equivalent to a left-handed circularly polarized pump laser propagating antiparallel to the direction of the magnetic field. In this case, we only need to change B 0 to −B 0 in the effective master equation (18) , while keeping the definition of the z-direction that defines the magnetic states. With the Rabi frequency Ω = 4.1 MHz, spin exchange rate γ se = 1.31 KHz, total spin relaxation rate γ = 1.53 KHz, and excited states' energy broadening Γ = 0.6 GHz for the 100 torr nitrogen case, while γ = 1.65vKHz, Γ = 4.2 GHz for the 700 torr nitrogen case, we numerically solve the master equation (18) for ρ g in the long term limit.
With the steady-state solution ρ
satisfies the effective master equation (18) and ∂ t ρ (0) g = 0, the electronic spin polarization S z as a function of the detuning ∆ is plotted in Fig. 2 . For the 100 torr nitrogen case, two peaks, corresponding to ∆ ≈ 0 (marked by circle (a)) and ∆ aa ≈ 0 (marked by circle (c)), are shown in the polarization curve, corresponding to two pump frequencies resonant with the transition frequencies between the a/b mutiplets and the excited states. However, for the 700 torr nitrogen case, these two peaks (marked by circles (b) and (d)) cannot be distinguished because of the large energy level broadening Γ of the excited states. Comparing the polarizations at these four circles in Fig. 2 , we see that the polarization in (a) is larger than in (b), while the polarization in (c) is smaller than in (d). This is because the effective optical pumping rates Γ (j=1,3) F M F M are inversely proportional to Γ. (We note that the optical pumping process is generally complicated, as shown in Eq. (18) , and there does not exist a simple optical pumping rate, as shown in Eq. (31).) In (a) and (b), ∆ = 0 and the ground state with F = 3 are more efficiently pumped and depleted, leaving the atoms mostly in the F = 4 states, which contribute more to the electrons' polarization. Thus the larger the energy level broadening Γ the smaller the polarization. However, in (c) and (d), ∆ aa = 0 and the F = 4 ground states are more efficiently pumped, leaving the atoms populating the F = 4 states less than in cases (a) and (b). Therefore, the larger Γ causes more polarization. To verify this, we plotted the ground state populations, i.e., the diagonal terms of the density matrix in Fig. 3 , for the four resonant cases (a)-(d) marked in Fig. 2. Fig. 3 shows that For a smaller decay rate (100 torr, blue line) of the excited state such that Γ ∆S, there are two peaks in the electron's polarization, around two resonant frequencies ∆ = 0 (point (a)) and ∆aa = 0 (point (c)). In the 700 torr case (red line), the decay rate Γ is comparable to ∆S. Therefore, the two polarization peaks around the two frequencies ((b) and (d)) cannot be distinguished. The populations in the ground states at these four points (a)-(d) are plotted in Fig. 3. the populations in the F = 4 ground states are larger in (a) and (d), compared with those in (b) and (c), respectively. Moreover, in each case, the populations in states |4, m and |3, m are different, especially when m = 3, which is shown explicitly in the figures. Thus the spin temperature distribution [6, 16] is not valid.
Having solved the steady-state solution ρ (0) g , we will study the light shift and line width acquired from the linear response [27] of the atoms to an oscillating transverse magnetic field.
IV. FREQUENCY-DEPENDENT LIGHT-SHIFT REDUCTION AND LIGHT NARROWING
In the presence of the oscillating magnetic field B xêx cos ωt in the x-direction, where γ e B x (B x = 3nT in the experiment) is much smaller than the decay rate γ or Γ (n) F M F M , the master equation can be written as wherē
is the zero-order term, and
is the first-order perturbation. Here, the zero-order Lindblad operatorL 0 is different from the right side of Eq. (18) regarding the terms containing S ± , since S ± is zero from the zero-order solution ρ
g . That is, the polarization in directions other than the z-direction is induced by the magnetic field B xêx cos ωt. As a result, the terms with S ± are perturbations and it is inL 1 rather than inL 0 .
To the first order ofL 1 , ρ g in the long-term limit has three parts:
where ρ (0) g was obtained above by solving the equation
is the positive-frequency part of ρ g that fulfills
with its positive-frequency Lindblad operatorL
and the negative-frequency part ρ can be decomposed to two parts: L
g . As a result, the solution of ρ
Consequently, the electrons' polarization in the xdirection can be written as
Here, S + x is a function of ω. In the experiment, the measured Larmor frequency ω L is determined by the zero-crossing ω 0 of Re S + x , and the line width w is defined as half the difference between frequencies corresponding to the maximum and minimum of Re S + x . As shown in Sec. III, there are only diagonal terms in the steady-state ρ When the Larmor frequency ω L is much larger than the dissipation rates that contribute to the real parts of the eigenvalues ofL 0 +L (+) 0 , the zeros-crossing ω 0 will be around ±ω L , the eigenvalues of iL (2) in the subspace {|F M F M ± 1|}. Here, we focus on ω around the positive frequency ω L , corresponding to the subspace {|aM a, M + 1| , |bM b, M − 1|} (the coherence between states with different F has been ignored, for the same reason as in Sec. III.). Especially, when the atoms mainly populate the state |aa , the most weighted diagonal element ofL 0 +L (+) 0 is iω −γ in the basis |a, a − 1 aa|, where the frequencỹ
and the line broadening
In the light-narrowing regime with ∆ ≈ 0,ω can be approximated in the vicinity of this resonant frequency as
where δω = 1 2I + 1
is the frequency-dependent light shift that leads to measurement inaccuracy if the pump laser's frequency fluctuates. Because of the large hyperfine splitting ∆ s , the frequency-dependent light shift δω can be strongly reduced. Futhermore, for fully polarized atoms, i.e., S z = 1/2, the line width
and the spin-exchange relaxation does not contribute to the line width, which makes perfect line narrowing [20, 21] Fig. 4 , with the same parameters as in Fig. 2 , agree well with the experimental data. For the light shift shown in Fig. 4(a) , in both the 100 and 700 torr cases, in the vicinity of the frequency ∆ = ∆ S (∆ aa ≈ 0), where the F = a ground states are pumped, the blue lines have two (100 torr) or one (700 torr) zero-crossings, corresponding to the resonant frequencies, and the light shift changes much while the frequency varies. However, when ∆ is around 0, i.e., when the F = b ground states are pumped, no zero-crossing appears in the blue lines and the frequencydependent light shift is highly reduced. The line width shown in 4(b) has a dip around the frequency ∆ = 0. This is the light-narrowing effect. Note that at a large detuning limit (−5 and 15 GHz, for instance), the light's effect tends to vanish. As a result, at infinite detunings, the light shift goes to zero and the line width tends to be a constant, independent of the pump beam's Rabi frequency Ω, its detuning ∆, or the excited states' decay rate Γ [33] .
V. CONCLUSIONS AND OUTLOOK
We have studied in detail the mechanism of the light shift and light-narrowing effects in alkali-metal-vapor magnetometers. Starting from the full master equation for the alkali atom's density matrix, we acquire the effective master equation in the ground-state subspace by adiabatically eliminating the excited states in the weak-driving limit. This effective master equation cannot only save power and time for the numerical calculations, but can reveal the intuitive picture of the frequency-dependent light-shift reduction: in the lightnarrowing regime, the F = b ground states are depleted by the pump laser, and the atoms mostly populate the F = a states. As a result, the light shift is reduced since the pump beam's frequency is largely detuned from the transition frequency between the most populated ground states (F = a) and the excited states. We compare the theoretical results to the experimental data, and find they agree for both the light shift and line width.
We note that the effective master equation we have obtained is general and is valid in an extensive parameter regime for alkali-vapor magnetometers. Particularly, it can lead to the spin temperature distribution in the limit that the hyperfine splittings in both the ground and excited states can be ignored when the broadening of the excited states is much larger than them. Since it consumes little time and power to solve this effective master equation, one can use it to quickly explore a large parameter regime to optimize the physical properties. For example, with a smaller decay rate Γ = 0.2 GHz and Rabi frequency Ω = 0.5 MHz, while other parameters are the same as in Fig. 2 for the 100 torr nitrogen case, the light shift and line width are acquired and shown in Fig. 5 . Here, more peaks and zero-crossings can be distinguished, corresponding to four resonant frequencies ∆ FF = 0 with F , F = 3, 4. Besides the application shown in this paper, the effective master equation is also applicable to many other topics, such as the study of heading errors [34, 35] , and light propagation in an atomic vapor. 
